Aim: The aim of this study was to ascertain if a score, directly derived from CPB records, could correlate to major postoperative outcomes. Methods: An additive score (QualyP Score) was created from 10 parameters: peak lactate value during CPB, peak VCO 2 i, lowest DO 2 i/VCO 2 i, peak respiratory quotient, CPB time, cross-clamp time, lowest CPB temperature, circulatory arrest, ultrafiltration during CPB, number of packed red cells transfused intraoperatively. The PerfSCORE was calculated, as well. Multivariable logistic regression models were built to detect the independent predictors of: peak lactate >3 mmol/L during the first three postoperative days; the incidence of acute kidney injury network (AKIN) 1-2-3; respiratory insufficiency; mortality. Results: The mean score was 4.8±2.6 (0-10). A QualyP Score ≥1 was predictive of postoperative acidosis (OR=1.595). A score ≥2 was predictive of AKIN 2 (OR=1.268) and respiratory insufficiency (OR=1.526). A score ≥5 was predictive of AKIN 3 (OR=1.848) and mortality (OR=1.497). Conclusions: QualyP Score may help to provide a quality marker of perfusion, emphasizing the need for goal-directed perfusion strategies.
Introduction
Since the first successful clinical applications of cardiopulmonary bypass (CPB) in the early 1950s, the role of extracorporeal circulation has shifted progressively from a mere substitution of the heart and lungs towards the more complex field of organ perfusion.
Therefore, numerous investigations have been performed to individuate which parameters might better associate with an improved organ perfusion during CPB. [1] [2] [3] [4] Consequently, the application of the physiological concepts of metabolic needs to the setting of CPB promoted the concept of the so-called "goal-directed" perfusion. 2 However, several surveys proved that the scientific data available at present are not yet sufficient to serve as evidence-based guidelines. 5, 6 The present study aims to evaluate the quality of organ perfusion during CPB and to structure a scoring system to assess this quality by a comprehensive evaluation of flowdependent parameters.
Methods
This is a retrospective analysis of prospectively collected data from a single institution. The local Ethics Committee approved the study.
Inclusion criteria were age ≥18 years and surgery on CPB with aortic cross-clamping.
Exclusion criteria were surgery for aortic dissection, implantation of a ventricular assist device, heart transplantation, off-pump surgery, surgery on cardiopulmonary bypass without aortic cross-clamping, congenital heart disease, minimally-invasive surgery, chronic renal failure under replacement treatment and chronic respiratory insufficiency requiring domiciliary oxygen support.
Surgical technique and cardiopulmonary bypass
CPB and surgical techniques were standardized and did not change during the study period. In all patients, surgery was performed through a median sternotomy. The CPB circuit and perfusion conduct were standardized for all patients and consisted of a phosphorylcholine-coated tubing set (Sorin Group, Saluggia, Vercelli, Italy), a Stöckert roller pump (Stöckert Instrumente, Munich, Germany) and a hollow-fibre membrane oxygenator.
Heparin was given at a dose of 300 IU/kg to achieve a target activated clotting time over 480 sec. Systemic temperature varied according to the kind of surgery, never falling below 25°C in case of circulatory arrest.
The priming solution consisted of 500 ml of Emagel (Piramal Healthcare UK Ltd, Morpeth, Northumberland, UK) and 800 ml of Ringer's acetate. Pump priming was reduced to an average of 800-1000 mL after aortic cannulation and retropriming.
Myocardial protection was always achieved with intermittent hyperkalaemic blood cardioplegia. Theoretical CPB flow was calculated, establishing a rate of 2.7 L/min/m 2 and indexing it to an ideal body mass index of 25 kg/m 2 . Protamine was administered at the end of the operation to fully reverse heparin. Blood recovery with an autotransfusion device (Autotrans Dideco, Mirandola, Modena, Italy) was performed intraoperatively in all cases. A level of haemoglobin lower than 7 g/dl during CPB and before admission to the ICU suggested blood transfusion.
Data collection and definitions
Baseline characteristics and intra-and postoperative data from all patient have been recorded in an institutional database. In particular: 
Blood samples and calculations
As an institutional protocol, blood gas analysis was performed every 20 minutes from the institution All blood gas data were corrected for temperature, according to standard equations. The estimates of oxygen-and carbon dioxide-derived parameters have been calculated according to Ranucci and associates. 1 In particular: As far as the VCO 2 i calculation is concerned, expiratory CO 2 tension (eCO 2 , mmHg) was measured at the site of the oxygenator exhaled gas port with a ventilator-integrated capnograph. Gas volumes and flows are expressed in STPD (standard temperature and pressure dry); adequate corrections according to body temperature pressure saturated (BTPS) conditions were applied [Appendix, Table  1A ]. Therefore, VCO 2 i was calculated as follows: 
Aim of the study and design of the score
The main aim of our study was to design a score that might correlate the estimate of an adequate perfusion to the occurrence of adverse outcomes after surgery on CPB. We named it the QualyP Score.
According to reference values already established in the current literature, ten parameters were included to design this additive score. In particular: peak lactates during CPB, peak VCO 2 i, lowest DO 2 i/VCO 2 i, respiratory quotient, CPB time, cross-clamp time, lowest CPB temperature, circulatory arrest, ultrafiltration during CPB, number of packed red cells transfused intraoperatively (during CPB and before admission to the ICU) ( Table 1 ).
The major outcome was considered to be postoperative acidosis (defined as peak lactate >3 mmol/L during the first three postoperative days, even on a single blood sample); secondary outcomes were incidences of different degrees of renal failure (AKIN 1-2-3); respiratory failure; mortality. To avoid any interference to the assessment of postoperative hyperlactataemia, Ringer lactate was never administered during the study period and postoperative blood samples were performed at least two hours from any RBC transfusion.
Statistical analysis was performed by the SPSS program for Windows, version 15.0 (SPSS Inc, Chicago, IL). Continuous variables are presented as mean ± standard deviation (SD) and categorical variables are presented as absolute numbers and/or percentages. For all statistical tests, a p-value <0.05 was considered significant.
All parameters recorded in our database, including the QualyP Score, were tested for the association with the postoperative outcomes with a binary logistic regression analysis. To avoid over-fitting, all factors being significantly associated (p<0.05) with any outcome were used to build multivariate stepwise forward logistic regression models to establish their independent predictors.
To avoid multi co-linearity, variables affected by mathematical coupling were separately entered in different models. In case of inter-correlation, the best single independent variable was chosen.
Results
Demographics, preoperative variables and intraoperative details are shown in Table 2 .
Mean QualyP Score was 4.8±2.6 (0-10).
Postoperative acidosis
Among all 187 patients, a peak postoperative lactate concentration >3 mmol/L was observed in 78 patients (41.7%). When recorded variables were tested for association with postoperative acidosis, only 11 factors were entered into the multivariate model. Among these, QualyP Score proved to be an independent predictor of postoperative acidosis (OR 1.595, 95% CI 1.356-1.876) ( Table 3 ). The C-statistic of the model was 0.798.
The AUC for the QualyP Score was 0.780, with a cutoff value of 1 (sensibility 98.7%; specificity 98.2%).
Renal failure -AKIN 1
Forty-nine patients (26.2%) experienced AKI stage 1. However, we could not find any statistical correlation with the incidence of AKI stage 1, even at univariate binary logistic analysis.
Renal failure -AKIN 2
Sixteen patients (8.6%) fulfilled the criteria to be included in AKI stage 2. Among all the tested variables, QualyP Score was found to be an independent predictor of AKIN 2 (OR 1.268, 95% CI 1.018-1.581) ( Table 4 ). The C-statistic of the model was 0.836.
The under the curve (AUC) for the QualyP Score was 0.647, with a cut-off value of 2 (sensibility 93.8%; specificity 89.5%) Table 4 ). The C-statistic of the model was 0.902. The AUC for the QualyP Score was 0.794, with a cutoff value of 5 (sensibility 90.0%; specificity 49.1%).
Respiratory failure
Among all patients, 21 (11.2%) experienced respiratory failure. Several independent risk factors have been revealed ( Table 5 ). In particular, QualyP Score emerged as an independent predictor (OR 1.526, 95% CI 1.123-2.073), with a cut-off value of 2 (sensibility 95.2% and specificity 89.2%).
Mortality
Seven patients died during hospitalization, accounting for an overall mortality of 3.7%.
At multivariate analysis, the QualyP Score was an independent predictor of mortality (OR 1.497, 95% CI 1.054-2.127), with a cut-off value of 5 (sensibility 85.7%; specificity 50.6%).
However, the PerfSCORE was also an independent risk factor for mortality, but only in models where the QualyP Score was not included (Table 6 ).
Discussion
The main aim of cardiopulmonary bypass during cardiac operations is to warrant an adequate perfusion to all the organs so that they can maintain their normal functions when the heart is arrested. Accordingly, it is necessary that the pump flows and gas exchange during CPB should be modulated to allow a normal oxygen delivery and an adequate elimination of carbon dioxide.
Great attention has been posed in the past on the haemoglobin concentration, given that the degree of haemodilution during CPB is associated with postoperative complications. 3, 8 Furthermore, the avoidance of extreme haemodilution is strictly correlated to the efforts made to avoid the transfusion of packed red cells, which is associated with an increased occurrence of infections and mortality. 4 In 2007, Jegger developed a score to study the association between CPB and clinical outcomes, demonstrating that the PerfSCORE was an independent parameter to predict morbidity. 9 However, that score included only the raw values of pO 2 and pCO 2 , not considering the role played by pump flow to ensure the major part of oxygen delivery, whereas the possibility to calculate the metabolic needs during CPB could be extremely useful in the daily clinical practice.
On the other hand, to the best of our knowledge, this is the first study aimed at the evaluation of the quality of organ perfusion by means of the development of a scoring system that incorporates the estimates of oxygen delivery and consumption during CPB.
In fact, several reports suggest that tissue oxygenation and hypoxia could be better evaluated when the flow-dependent estimates of oxygen delivery and consumption are investigated during CPB, as well as estimates of carbon dioxide elimination. 1, 10, 11 Likewise, the same principles derived from the normal physiology could be applied to the CPB setting, in terms of oxygenand carbon dioxide-derived estimates of the metabolic needs. 1 In particular, Ranucci and coworkers demonstrated that the threshold for anaerobic metabolism during CPB establishes when VCO 2 i peaks over 60 ml/min/m 2 , VCO 2 i/ VO 2 i reaches 0.9 and DO 2 i/VCO 2 i falls below 5. 1 These models encouraged other researchers to apply these concepts in the field of postoperative renal function after cardiac surgery on CPB. Similarly, equivalent cut-off values were found to be predictive of postoperative renal failure. 2 However, it is noteworthy that Poullis recently recognized that no markers of quality of perfusion pressure and oxygen delivery during CPB still exist. Accordingly, correlating such evaluations with clinical outcome could prove helpful in providing a marker of quality of perfusion during CPB. 11 Therefore, the aim of our QualyP Score was to ascertain if it was possible to evaluate the impact of the quality of perfusion provided during CPB on postoperative outcomes. This scoring system was based on cut-off values derived from literature, with adjunctive parameters resulting from an interim analysis of our first 100 patients ( Table 1) .
As an estimate of global organ metabolism, serum lactate concentration represents the most relevant and reliable marker of tissue hypoperfusion. Accordingly, the development of high lactate concentrations during CPB is typical of a subset of patients at a higher risk of incurring potentially severe complications. 12 In our study, a level of 3 mmol/L was considered the threshold for the establishment of an anaerobic metabolism, as described by Maillet. 13 In the present study, the QualyP Score was predictive of postoperative acidosis at a low cut-off, equal to 1. Despite high sensitivity and specificity, this value seems quite low to explain, by itself, the development of postoperative anaerobic metabolism. It could be supposed that, not only the perfusion during CPB, but also other mechanisms (e.g. higher metabolic needs during the weaning from ventilation as well as peripheral wash-out in the first postoperative hours) might explain this increase of serum lactate concentration. It is general knowledge that the pulmonary damage that might develop after CPB usually ends up in the development of atelectasis, infections and an increase in arterio-venous intrapulmonary shunts, with the consequence of a reduced systemic pO 2 . 14 Moreover, the kind of anaesthesia and mechanical ventilation, 15, 16 the switch from a pulsatile flow to a continuous and linear one during CPB, 17, 18 as well as the induction of an ischaemiareperfusion injury 14 may all contribute to the reduction of postoperative pulmonary function.
Accordingly, the possibility to identify intraoperatively a perfusion disadvantage which might end up in reduced postoperative pulmonary function would be certainly welcome. Appropriately, the QualyP Score proved to be predictive of the development of respiratory insufficiency in the immediate postoperative period. Therefore, it could be supposed that a precocious identification of patients at high-risk for major complications might be helpful for subsequent postoperative management.
Among all organs, the kidneys are certainly those which mostly suffer from hypoperfusion. 19, 20 Accordingly, various degrees of renal dysfunction are often observed in the common practice after cardiac operations on CPB. 21 In particular, the development of postoperative renal failure is one of the most important determinants of unfavourable outcome in cardiac surgery. 21 It should be considered that some preoperative characteristics could not be modified before surgery, such as age, diabetes, hypertension or preoperative renal dysfunction. However, it is possible to avoid renal hypoperfusion, which is, in particular, one of the major determinants of the need for postoperative replacement therapy. 20 In our cohort of patients, the QualyP Score was found to be particularly associated with various degrees of postoperative renal dysfunction, in particular, AKI stage 2 and 3. Our results, therefore, confirm the previous findings of de Somer 2 and Ranucci, 20 suggesting that the analysis of a broad spectrum of estimate parameters could be useful in establishing the adequacy of perfusion.
Conversely, we were not able to confirm the results shown by Ranucci 20 and de Somer, 2 particularly for what concerns the predictive role of DO 2 i/VCO 2 i on the occurrence of postoperative renal dysfunction. On the other hand, our results confirmed our hypothesis that not one single parameter, but the comprehensive evaluation of tissue hypoperfusion which can be measured by oxygen and carbon dioxide derived parameters, is responsible for the occurrence of postoperative complications.
In particular, it should be considered that 3 out of 10 parameters constituting the additive QualyP Score are directly dependent from the pump flow. This suggests that modulation of the pump flow plays a fundamental role in achieving an adequate perfusion during CPB.
Finally, the complex pathophysiology that is generated during cardiac surgery on CPB (e.g. hypothermia, systemic inflammatory response syndrome, endothelial dysfunction, deregulation of the haemocoagulative cascade, linear flow patterns) all contribute to the development of postoperative complications, sometimes irreversibly leading to the most unfavourable outcome. 14 However, it is still not evident which role is independently played by CPB on postoperative mortality. 22 In fact, de Somer supposed that the development of different perfusion strategies combined with adequate pharmacological support might improve the incidence of CPB-related morbidity; 22 however, no statistical models, as well as scores predictive of postoperative outcomes, have been clearly designed especially incorporating flow-dependent parameters.
In this setting, the QualyP Score and the results derived from our study could be analyzed as a potential marker of the quality of perfusion, as well as a predictive model of postoperative mortality.
Limitations of the study
One of the most important limitations of the study is the relatively low incidence of outcomes observed during the study period. This may be accounted for by the small sample size. Furthermore, the overall EuroSCORE II of the study population is quite low and this might have conditioned the results, considering that patients with severe comorbidities (such as chronic renal replacement therapy or domicilial O 2 support) were excluded from the study.
The lack of a validation cohort is another limitation of the study. However, to try to overcome this problem, we have used reference values from well-established papers from the literature whose results have been found to be confirmed elsewhere.
However, all the multivariate models proved to be sufficiently powered, at least to draw some preliminary conclusions. It should also be noted that the high sensitivity of the cut-off values observed for the outcomes of AKIN 3 and mortality are counterbalanced by a relatively low specificity, suggesting that a revision of the scoring system might probably improve the quality of the model itself.
Furthermore, the absence of reference cut-off levels for our QualyP Score prevented a power sample analysis.
On the other hand, one of the main strengths of our study is that our results stem from a single institution design of the study, which guarantees the uniformity of intraoperative and postoperative treatments and, therefore, might counterbalance the potential biases of multicentre studies.
